Introduction
During exercise there is an increase in the demand for oxygen and it is the function of the respiratory and cardiovascular systems together to present sufficient oxygen to the active muscles and to remove the carbon dioxide that is produced. As far as the cardiovascular system is concerned, there are a number of variables that can be altered and this is, perhaps, best illustrated by Fick's formula: Vo2 = HR x SV (CaO2 -C-,02) where, Vo2=oxygen uptake per unit time; HR = heart rate; SV = cardiac stroke volume; CaO2 = oxygen content of arterial blood; CV02 = oxygen content of mixed venous blood. In other words, the increased supply of oxygen to the exercising muscles can be met by an increase in heart rate, an increase in cardiac stroke volume, an increase in the amount of oxygen extracted from the venous blood, a combination of any two of these or by all three changing together.
The cardiovascular systems of different animals respond differently to the increased demand for oxygen during exercise and this will be illustrated here by fishes, reptiles and birds.
Fishes
Fishes have a single circulatory system ( Figure 1) with venous blood being received from the body into a single atrium. It then enters a single ventricle which pumps it along the ventral aorta and through the gills where gas exchange occurs. The oxygenated (arterial) blood enters the dorsal aorta from whence it is delivered to the rest of the body. The most comprehensive study on the physiological changes that occur during exercise in fish is that performed by Kiceniuk & Jones (1977) on the rainbow trout (Salmo gairdneri). These authors trained trout to swim in a water channel at 10°C. They determined maximum swimming speed that the fish could sustain for one hour (Ucrit) and then measured oxygen uptake and a number of cardiovascular variables after the fish had swum at various swimming speeds (presented as %Ucrit)
for one hour, i.e. when they were in a steady state. The data are presented graphically in Figure 2 .
At maximum sustainable swimming speed, oxygen consumption was 4.3 ml 02 (STPD) kg-1 min -1, which is 7.7 times the resting value. This extra oxygen supply to the active muscles is achieved by (CaO2 -C-)02) increasing to 83 ml 02 (STPD) 11, which is 2.5 times the resting value, and by cardiac stroke volume increasing to 1.0 ml kg 1, which is 2.2 times the resting value. Heart rate increase to 51 beats min-, which is a mere 1.4 times the resting value. Thus the major factors are increased extraction of oxygen from the venous blood and increased cardiac stroke volume. A similar small change in heart rate in cod, Gadus morhua, swimming at maximum sustainable swimming speed for 30 min (Figure 3 ), indicates that heart rate changes little in all fish in response to the increased oxygen demand of steady-state exercise. 
Reptiles
Reptiles have lungs, pulmonary arteries and veins but, although the heart has two atria, it is not completely divided into left and right sides. In the turtles, the ventricle itself is incompletely divided (Figure 4 ). This incomplete division means that blood entering the right atrium from the body does not have to go round the pulmonary circuit and, indeed, often it does not. The green turtle, Chelonia mydas, like other reptiles, ventilates its lungs infrequently. When at rest at 29°C, respiratory frequency is, on average, 0.8 breaths minm and associated with each lung ventilation there is a doubling of heart rate from 24 to 51 beats mint -. This tachycardia is not the only cardiovascular adjustment related to lung ventilation, for there is also a dramatic increase in perfusion of the lung. Looking at it the other way round, pulmonary two atria and thee incompletelydivided ventricle. Venous blood ( ) enters the right atrium and oxygenated blood ( flX) from the lung enters the left atrium. If complete separation of these two blood streamts ever occurs, blood from the right atrium enters the pulmonary artery (_ _) and that from the left atrium enters the aortae and the brachiocephalic artery (P ). Various degrees of shunting between left and right sides occur under various conditions in the undivided ventricle. (After Shelton & Burggren 1976) blood flow declines dramatically during the period of breath hold ( Figure 5A ). There is no change in blood flow to the systemic circulation associated with the ventilation cycle and the reduction in pulmonary flow results from an increase in resistance in the pulmonary vascular bed (Shelton & Burggren 1976) but is possible because of the incomplete division of the ventricle. There is an overall R-L shunt. Pulmonary vascular resistance decreases during lung Figure 5 . A: Blood flow through the left aorta and right pulmonary artery of a green turtle.Chelonia mydas, at 29°C as it lay motionless on the bottom of a tank and as it moved to ro their feedt te ing reased from 44 to u5 beats minb-. TFlow along the right pulmonary artery as the same turtle swam at 0-5 m s in a water channel ventilation and blood flow to the lung increases. In other words, ventilation and perfusion of the lung are well matched. Reduced pulmonary vascular resistance does not normally occur to any great extent in the absence of lung ventilation.
Marine turtles are known to migrate long distances from their feeding to breeding grounds and back. There is evidence to suggest that the green turtle may migrate between the coast of Brazil and Ascension Island (Carr & Goodman 1970) , a distance of some 2400 km (one way). These animals are efficient underwater swimmers and when migrating it would seem sensible if they surfaced for air as infrequently as possible so as to keep the energetic cost of swimming to a minimum. This would require them to utilize as much of the oxygen in the lungs as possible between breaths and, presumably, to maintain pulmonary perfusion.
Green turtles were trained to swim in a water channel and when swimming at their maximum sustainable swimming speed, oxygen uptake was 5.6 ml 02 (STPD) kg'min-1, which is 2.8 times the resting value. Heart rate, at 68 beats min-1, was 1.4 times the resting value (following a breath) but more importantly there was no change in pulmonary blood flow associated with lung ventilation during exercise ( Figure 5B ). When oxygen demand increases in these animals the lung is, as might be predicted, perfused continuously and the heart may function like that of a bird or mammal, i.e. it may be functionally divided into right and left sides. This has yet to be demonstrated, but if it turns out to be the case, the heart of these reptiles is truly a remarkable organ, enabling the lung to be effectively bypassed between breaths in the resting animal yet maintaining continual pulmonary perfusion and complete separation of the pulmonary and systemic circulations during exercise.
Birds
Birds, like mammals, have complete anatomical separation between the left and right sides of their hearts, and it is amongst the birds that migrate that we find the most outstanding feats of exercise. Some fly thousands of kilometres non-stop and some fly at extraordinarily high altitudes. For example, the blackpoll warbler, Dendroica striata, is one of many species that travels directly from North to South America across the Atlantic Ocean, a distance of 3000-4000 km; while black brant geese, Branta bernicla nigricans, fly approximately 4800 km across the Pacific Ocean from Alaska to Mexico (Ogilvie 1978) . Bar-headed geese, Anser indicus, have been observed flying at altitudes up to 9000 m (where the partial pressure of oxygen is 6.9 kPa, which is one-third of the sea level value) during their migration across the Himalayas (Swan 1961) . How does the cardiovascular system adjust to these extreme forms of exercise in flying birds?
The most comprehensive study on the physiology of flight in birds is that performed by Butler et al. (1977) in which pigeons were trained to fly in a wind tunnel at a velocity of 10 m s '.The pigeon stood on a perch as the wind speed was raised to 10 ms-' and the flight was commenced by removing the perch. Immediately the bird began to flap its wings there were instantaneous increases in heart rate and respiratory frequency ( Figure 6 ). During the flight, oxygen uptake settled at a value of 200 ml 02 (STPD) kg-1 min-1, which is 10 times the resting value. This increased oxygen delivery to the active pectoral muscles was achieved mainly by a 6 times increase in heart rate to 670 beats min-' (Figure 7 ). There was a mere 80% increase in (CaO2 -C-,02) and no change in cardiac stroke volume. This contrasts with the situation in fishes where there is little change in heart rate and the other two variables play an almost equal role in providing the extra oxygen to the active muscles during exercise.
There have been no physiological studies on birds flying at high altitudes (real or simulated), but work on inactive animals has indicated that adaptations of the cardiovascular system may be very important in the altitude performance of some birds. Unlike Pekin ducks, bar-headed geese do not increase their haematocrit and haemoglobin concentration when exposed to simulated high altitudes (Black & Tenney 1980) . This means that there is no increase in blood viscosity, thus preventing a possible increase in the energy cost of circulating the blood. It also means that there is no increase in the oxygen-carrying capacity of the blood. This is more than counterbalanced, however, by the higher affinity for oxygen (low P50) of the haemoglobin in the goose which enables the maintenance of a higher CaO2 (and hence CaO2 -CV02) at high altitudes than in the duck. Of course, the hypoxia of high altitude causes hyperventilation which results in a fall in the partial pressure of CO2 in arterial blood and an increase in pH; the bird becomes hypocapnic and alkalotic as well as hypoxic. In a number of mammals (dog, monkey, rat, man) hypocapnia causes a reduction in cerebral blood flow; this is not so in ducks (Grubb et al. 1977) . Also, hypoxia causes a greater increase in cerebral blood flow in ducks than in dogs, rats and man (Grubb et al. 1978 ). These two factors together, if present in other birds, would obviously be of great importance at high altitudes.
Although flight is the predominant form of exercise in birds, it is by no means the only form. When walking or running, all birds that have been studied show a linear increase in oxygen uptake with increased velocity. However, for swimming ducks, oxygen uptake is relatively constant at velocities of 0.2-0.5 m s'but then increases sharply as speed increases. The change in heart rate with increased swimming speed is similar to that for oxygen uptake in tufted ducks, Aythya fuligula (Woakes & Butler 1983) , so there is a linear relationship between steady-state oxygen uptake and heart rate. At maximum sustainable swimming speed (0.78 m s 1) oxygen uptake of tufted ducks is 62.6 ml 02 (STPD) kg-1 min 1, which is 3.8 times resting, and heart rate is 235 beats min 1 (2 times resting). The latter is less than half of the maximum heart rate recorded from this species (Butler & Woakes 1979 ) and the value for oxygen uptake is also approximately 60% of the value that would be expected during flight for a bird the size of a tufted duck (Butler 1982a) . Clearly, the cardiovascular system can cope with the higher demands of flight, and a possible explanation of the lower maximum heart rate and oxygen uptake during swimming (and running) is that the mass of the leg muscles is less than that of the pectoral muscles (Prange & Schmidt-Nielsen 1970). Many birds, including tufted ducks, swim under water when feeding. Based largely on work performed on domestic ducks that were involuntarily submerged, it was thought for almost 40 years that when birds (and mammals) dive there is a reduction in blood flow to all tissues except the brain and heart, which continue to metabolize aerobically (see Butler 1982b for review). The underperfused tissues metabolize anaerobically, producing lactic acid, thus saving oxygen for the oxygen-dependent regions of the body. There is, therefore, a reduction in the rate at which oxygen is used by the organism as a whole. Associated with the reduced blood flow to major regions of the body is a reduction in cardiac output resulting mainly from a large fall in heart rate (bradycardia). This bradycardia is the typical element of the response to involuntary submersion and is often taken as an indicator of the other adjustments taking place.
By recording heart rate (and sometimes respiratory frequency), by way of a small completely implanted radiotransmitter, from naturally behaving tufted ducks and Humboldt penguins, Spheniscus humboldti, it was discovered that there is in fact no obvious maintained reduction in heart rate during voluntary dives (Butler & Woakes 1976 , 1979 Figure 8 . Relationship between the behaviour of a tufted duck and changes in heart rate during a spontaneous dive in a glass-sided tank, 1.55 m deep. From above, downwards: tracings of duck from cine film showing, from left to right, swimming, preparing to dive, moment of submersion, descending, feeding on bottom, surfacing (10 cm from surface); time periods of Aswimming on surface, Bcardiac acceleration before submersion, Cdescent, Dfeeding on bottom, Esurfacing, Fcardiac acceleration following surfacing; ECG; heart rate; time marker(s). The lines between the pictures of the ducks and the time boxes join coincident points in time. (Butler 1982a) penguins dive repeatedly for extended periods without becoming exhausted. Preceding the first dive of a series there is an elevation in heart rate (Figure 8) and an increase in respiratory frequency in ducks. Upon submersion, which appears to require much effort as the bird arches itself into the water, there is a transient bradycardia, but heart rate increases somewhat during the first few seconds of the dive and then remains at a more or less steady rate. The ducks have to continue paddling when under water and surfacing occurs passively once leg-beating has ceased. By contrast, penguins glide underwater and do not exhibit an obvious increase in heart rate before the first dive of a series, neither is it necessary for them to perform perceptible locomotor activity to remain submerged. Oxygen uptake has been estimated for tufted ducks and Humboldt penguins during voluntary diving (Woakes & Butler 1983 . For the ducks, oxygen consumption at mean dive duration is 3.5 times resting and not significantly different from that measured at maximum sustainable swimming speed. On the basis of this estimated rate of oxygen usage and the size of the oxygen storage compartments in tufted ducks (Keijer & Butler 1982) , aerobic metabolism could continue for 44 seconds with the duck actively swimming under water. The extra oxygen taken on board during the anticipatory period before the first dive of a series increases aerobic dive duration by at least 7 seconds to a total of 51 seconds. This means that even ducks diving to a depth of 6 m in the wild, which takes an average of 28 seconds (Draulans 1982) , do so aerobically and have oxygen to spare at the end. Heart rate increases, as the bird begins to breathe, immediately upon surfacing. This presumably ensures rapid replacement of the oxygen used during the preceding dive and enables the next dive to occur in quick succession. If mean heart rate and oxygen consumption during diving are plotted on the same graph as heart rate and oxygen consumption during surface swimming, then heart rate is lower during diving than during swimming at the same level of oxygen usage (Figure 9 ). Diving heart rate is, on average, 1.5 times the resting value and 2.7 times the value after a similar period of involuntary head submersion.
On the basis of these results, it has been suggested that the circulatory adjustments during voluntary diving in ducks are similar to those during exercise in air in as much as the locomotory muscles as well as the heart and CNS receive an enhanced blood supply and sufficient oxygen for aerobic metabolism. The inactive muscles, viscera, kidneys and skin may well receive a reduced supply. The lower heart rate during diving could indicate, however, that selective vasoconstriction is more intense and that oxygen extraction by the active muscles is Figure 10 . Plan (A) and side-view section (B) of an outside pond. The surface is almost totally covered except for one small area. Food is placed on the bottom of the pool at 6 different distances from the uncovered area (1-6 in A). B shows the route taken by the ducks to and from positions I and 6, while c shows the mean dive duration and mean (± s.e. mean) heart rate for 6 tufted ducks while making these journeys. It should be noted that for the longer, diagonal journeys, the ducks have to swim actively during the return as well as during the outward leg. (R Stephenson & P J Butler, unpublished) greater than when the birds exercise in air (Butler 1982b) . During voluntary dives there would appear to be, in tufted ducks at least, a balance between the cardiovascular responses to involuntary submersion and to exercise in air with the bias towards the latter (Figure 9 ). The balance can be tipped in the opposite direction if, for any reason, the duck is briefly unable to surface from a voluntary dive. As soon as the duck is aware that immediate access to air is not possible, there is a progressive bradycardia which, within 10-15 seconds, is similar to that seen during involuntary submersion (i.e. approximately 25 beats min-1). It would seem that the duck switches to the oxygen-conserving response. However, if ducks have to swim varying distances under cover in order to obtain their food, there is no initial lowering of heart rate when long distances have to be travelled, although heart rate does fall progressively during the longer dives after the first 5 seconds. At 10 seconds after submersion it is significantly lower during the longer than during the shorter dives ( Figure 10 ). These observations must be pertinent to ducks feeding under ice in the winter. It would seem that only if caught unawares does the animal immediately invoke its oxygen-conserving response.
For the Humboldt penguins, neither heart rate nor oxygen uptake during diving are significantly different from the resting values. Calculations indicate that these birds can remain aerobic under water for 2.3 min. Observations on chinstrap penguins, Pygoscelis antarctica, reveal that they dive to less than 45 m and for an average of 1.6 min (Lishman & Croxall 1983) . It certainly seems that penguins are able to dive and remain aerobic for longer periods than ducks. This is probably because they are more efficient at underwater locomotion, partly as result of their being almost neutrally bouyant . In general, the behaviour pattern of diving birds consists of using stored oxygen to metabolize aerobically during relatively short dives and then quickly replacing the oxygen at the surface before the next dive. This is more economical in terms of percentage of time spent feeding during a group of dives than if longer dives are performed but proportionately longer is spent at the surface metabolizing the lactate. Also, animals in such an exhausted state would be more vulnerable to predators.
Conclusions
Turtles have a heart which is functionally undivided between breaths when at rest but which may be functionally divided during exercise. Birds, unlike fishes, use changes in heart rate as the predominant cardiovascular adjustment to the changing demands of oxygen associated with exercise. Because of their oxygen-conserving response that can be brought into operation when under water, tufted ducks can vary heart rate by a factor of 20 or more, depending on whether they are flying or whether they are trapped under water.
